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SUMMARY 

INTRODUCTION 

The  us*  of  chemical  additive*  In  lubricating  olla  to  increase  their 
affect ivenesa  under  extreme  operating  conditions  la  widely  racognlaed.  These 
additive*  are  ganarally  referred  to  a*  antiwear  additives.  Such  additives 
usually  consist  of  organo-aul fur , -chlorine  or  -phosphorus  com  pounds  or  mixtures 
thereof  although  they  are  not  Halted  to  these  ehaalcal  faallles.  When  added 
to  the  lubricating  oil  In  quantities  of  one  to  two  percent,  catastrophic  wear  of 
mechanical  components  will  be  prevented  under  extreme  operating  conditions. 

The  mechanism  established  for  this  beneficial  action  Involves  the  controlled 
decomposition  of  the  additive  as  a result  of  elevatad  temperatures  caused  by 
localised  metal  -to-metal  contact  at  surface  severities.  The  additive  reacts 
chemically  with  the  freshly  worn  surface  to  form  films  of  sulfides,  chlorides 
or  phosphate  complexes  which  exhibit  low  shear  strengths,  thus  meking  it 
possible  for  one  surface  to  move  over  the  other  with  least  resistance. 

For  conventional  petroleum  baae  oils  which  sra  limited  to  lower  temperature 
applications  (275°  to  300°P)  the  thermal  stability  of  the  antiwear  additive 
usually  coincides  with  ths  thermal  stability  of  the  baae  oil.  In  recent  years 
a number  of  synthetic  fluids  have  been  developed  with  temperature  stabilities 
well  sbove  the  petroleum  baae  oils  (500°  to  600**?).  One  euch  class  of  materials 
is  the  polysiloxanes  or  more  coossonly  called  silicone  fluids.  It  vas  found 
that  the  cometonly  used  antiwear  additives  for  petroleum  base  oils  were  completely 
ineffective  in  the  silicone  oils.  Under  a previous  NAVAIRDEVCEN  (Naval  Air 
Development  Center)  Independent  Research  Program  the  first  sultabls  antiwear 
additive  baaed  on  thladlasole  chemistry  was  developed  and  patented  for  imparting 
effective  lubricating  properties  to  silicone  fluids.  However,  the  upper  temp- 
erature stability  of  this  additive  was  limited  to  230°  to  275°p(  well  below  the 
useful  temperature  range  of  silicone  fluids.  Consequently  there  exists  a need 
to  broken  the  range  of  chemical  additives  suitable  for  use  in  silicone  fluids 
and  also  to  take  advantage  of  the  higher  temperature  capabilities  so  that  new 
military  weapons  systems  can  be  designed  for  optimum  performance  and  reliability. 

The  work  reported  herein  was  conducted  under  Independent  Research  Task 
Area  No.  ZR01302,  Work  Unit  No.  GC131. 

RESULTS 

1.  A polyailoxane  formulation  containing  2 weight  percent  dlbutylchloren- 
date  and  0.25  weight  percent  2 , 5-bls-t -dodecyl  dithio-l ,3,4  thladlasole  in 
tetrachlorophenylmethyl  eiloxanc  fluid  has  baan  discovered  which  possesses  a.-.iiwear 
piopertles  previously  unattainable  with  polysiloxane  fluids.  In  fact  the 
boundary  lubricating  propertlae  of  thie  formulation  are  comparable  to  those 

of  formulated  petroleum  oils,  synthetic  hydrocarbons,  diasters  and  phosphate 
ester  fluids.  A patent  application  covering  this  unique  discovery  has  bean 
filed. 

2.  An  investigation  of  the  friction  surface  (stael-on-atael)  modification 
affects  of  organo-phosphates  in  polysiloxane  madia  has  refuted  ths  belief  that 
such  additives  ere  essentially  excluded  from  the  surface  at  low  concentrations. 

It  hss  been  shown  that  these  additives  in  moat  cases  hav*  an  antagonistic  effect 
l.e.  increase  wear  ratea  at  low  concentrations. 
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3.  The  uu  of  organo -phosphates  as  entlwear  agents  In  polyslloxent  fluids 
has  previously  proved  unfruitful.  As  a result  of  this  study  s polya l loxent 
formulation  containing  4 to  3 weight  percent  of  an  alkyl ‘phosphate  In  tetra- 
chlorophenyleethyl  alloxans  exhibited  improved  entlwear  properties  under  high 
load  conditions. 

CONCLUSIONS 

1.  Polyallox are  fluids  possessing  antiweer  qualities  comparable  to 
conventional  lubricating  media  can  be  achieved  through  the  uee  of  chemical 
addition  agents  in  minor  concentrations. 

2.  Having  overcome  the  disadvantage  of  poor  boundary  lubricating  properties 
associated  vlth  polys iloxanea,  these  fluids  may  now  be  considered  for  eppll- 
cations  where  their  more  desirable  properties  such  as  high  temperature  stability, 
oxidation  resistance,  low  volatility,  etc.  can  be  used  to  greater  advantage. 

FUTURE  WORK 

Although  the  use  of  selected  chemical  addition  agents  in  polyslloxene 
fluids  has  proved  beneficial  In  eliciting  a pronounced  boundary  lubricating 
effect,  the  exact  nature  of  their  action  is  still  unknown.  A better  under- 
standing of  the  mechanism  by  which  these  additives  function  will  provide 
guidelines  for  the  development  of  e new  generation  of  military  aircraft  lubri- 
cants and  fluids,  Having  astabllahed  basic  property  re let  Ion ship*,  effort 
will  continue  toward: 

1.  Identifying  the  chemical  nature  of  aurfece  reaction  products  resulting 
from  entlwear  activity. 

2.  Determining  plausible  mechanisms  based  on  chemical  reactivity. 

3.  Establishing  molecular  composition  end  structure  for  optimum  entlwear 
f unct ionel ity . 

4.  Synthesising  chemical  addition  agents  based  on  the  above  findings. 

5.  Establishing  performenct  characttr istlce  et  elevated  temperatures  end 
loads  on  selected  polyslloxene  formulations. 
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BACKGROUND 


SURFACE  CONS IOKRAT IONS 

A achesatic  repraeantatlon  of  typical  friction  aurfacaa  la  ah  own  In 
Flgura  l.  Under  hydrodynamic  condition*  of  lubrication,  tha  two  aurface#  are 
aaparatad  by  a thin  oil  film  and  Ideally  no  wear  occur*.  However,  with  In- 
creased load  the  thlckneaa  of  the  oil  file  dlrinlahea  to  the  point  where 
aurfaca  contact  occur*.  This  regime  la  generally  eferred  to  aa  boundary 
lubrication  condition*.  Aa  dapletad  in  Figure  l,  the  topography  of  auch 
aurface*  eaaentlally  conaiata  of  a aerlea  of  "hills"  and  "valley*" (asperities)  which 
axlat  even  for  highly  poliahed  aurface*.  When  aurface  contact  la  aade  at 
the  aaperlttec,  adhesive  Interactions  result  In  Increased  generation  of  heat 
and  the  foroatlon  of  wear  particles.  Because  tha  points  of  contact  are  micro- 
scopic In  nature,  the  total  load  Is  carried  by  only  a very  small  fraction  of  the 
actual  surface  area.  Al!  of  thasa  conditions  cctnblne  to  produce  weer  in 
mechanical  components. 

An  effective  means  of  preventing  or  alleviating  this  condition  involves 
the  addition  of  chemical  specie*  to  tha  oil  in  minor  concentration*  (usually 
lass  than  2 percent).  The  temperature  generated  at  asperity  contact!  can 
exceed  2000°F  although  for  only  a fraction  of  a second.  The  additive  reacts 
with  this  "hot  apot"  to  form  a new  chemical  compound  on  the  aurface  which  has 
a lower  ahear  strength  than  tha  base  metal  and  thua  the  aurfecaa  move  relative 
to  one  another  with  lover  resistance.  At  built  fluid  temperature*  (leas  then 
300°F)  the  additive  is  stable  enough  to  realat  decoapoal t Ion . 

The  general  cleases  of  additives  used  for  this  purpose  are  sulfur, 
chlorine  or  phoaphorua  containing  organic  compounds  while  the  resultant 
aurface  reaction  products  have  been  Identified  as  Inurgai.lc  metal  sulfide*, 
chlorldea,  phosphate  or  phosphate  complexes. 

SILICONE  CHEMISTRY  AND  PROPERTIES 

The  preparation  of  polysiloxanaa  can  b*  represented  by  the  following 
serle*  of  reactions: 


Sin  1 + 2C 

SI  + 2 CO 

(1) 

RC1  m Cl 

RxSiCly 

(2) 

x " l , 2 or  3 
y ■ 1 , 2 o r 3 
x + y ■ 4 

R*$ i Cl y + H20 

- R,Sl(0H)y  + yHCl 

(3) 

rr+2  |R«Sl(0H)yJ 

condensation  R;)Sl0(  ^SKO^IR}  + rt+lH20 

(*> 

polyailoxane 


Eaaenttally  elllcone  polyrera  contain  repeating  Sl-O  linkages  making  their 
"backbone"  completely  Inorganic  while  various  organic  substituents  sr.*  attached 
to  the  Si  atom*.  Some  of  tha  more  common  forma  of  pol  yt»l  loxane  polymer*  are 
presented  In  Figure  2. 
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In  general  the  prop^rtiet  of  polyalloxane  fluid*  which  art  aubatant ial ly 
different  from  conventional  lubricating  media  and  which  affect  their  lubri- 
cating ab,  1 ty  include: 

1.  Fra*  rotation  of  the  atructural  unita  relative  to  the  alloxan*  bonds 
together  with  low  inter-molecular  interaction  make  formation  of  compact 
oriented  atructuras  between  two  surfaces  under  load  difficult  (39). 

2.  Siloxane  bond*  are  partially  Ionic  in  nature  and  therefore  highly 
reactive  in  heterolytlc  type  react: one.  Antiwear  additive*  function  through 
homolytic  (fra*  radical)  type  reaction*  which  do  not  readily  occur  in  hater- 
olytlc  ay* tans  (39). 

3.  With  the  exception  of  phenylmethyl  aillconea  the  conventional  antiwear 
additives  are  only  slightly  soluble  in  silicone  fluids. 

" STATE -OF-THF. -ART"  REVIEW 

The  litersture  abounds  with  information  concerning  the  use  of  antiwear 
addltlvea  and  the  nature  of  action  in  conventional  (hydrocarbon)  lubricating 
fluids.  On  the  contrary,  the  scarcity  of  this  type  of  information  relevant 
to  polysl I oxdne  fluids  is  consplcuoua. 

Conventional  Lubricating  Madia 

Tha  flrat  uae  of  antiwear  additivea  occurred  In  the  mid-1920's  in  order 
to  permit  operation  of  hypold  gears.  These  first  compounds,  many  of  which  are 
still  employed  today,  contained  aulfur,  chlorine  or  phoaphoroua  atoms  in  their 
molecular  structures.  Since  that  time  tha  application  of  antiwear  additivea 
has  spread  to  many  other  mechanical  components.  They  were  believed  to  function 
by  forming  a film  of  low  shear  atrength  such  at  a sulfide,  chloride  or  phosphide 
as  discussed  previously.  By  repeated  shear  breakdown  and  reformation, tha  film 
prevented  seisure  of  metal  surfaces.  A large  number  of  investigations  seemed 
to  support  this  belief  (l-ll)  . 

In  1940  Beeck , Givens  and  Williams  (5)  postulated  that  the  effectiveness 
of  phosphorous  containing  additives  such  as  tricresyl  phosphate  was  due  to 
the  formation  of  an  iron-iron  phoaphide  eutectic  of  low  melting  point  at  the 
asperities  which  chemically  "polished"  the  surface.  In  1954  Klaus  and  FenaWe 
(12)  found  that  the  low  wear  was  not  accompanied  by  any  gross  smoothing  or 
"po 1 1 sh tng"  of  bearing  surfaces.  Thia  ’ as  also  confirmed  by  Furey  (13)  in 
1963.  In  1965  three  papers  appeared  which  refuted  the  iron-iron  phoaphide 
eutectic  formation  theory.  Barcroft  and  Daniel  (14)  uaing  radioactive  triphanyl 
phosphate  showed  that  this  additive  formed  films  of  matal  phosphates  and  metal 
organo  phosphates.  It  was  suggested  that  the  neutral  phosphate  eater  adsorbs 
on  the  metal  aurface,  then  decomposes  in  the  contact  area  to  give  the  acid 
phosphate  which  reacts  with  the  metal  aurfaca  to  form  matal  organic  phosphate. 
This  then  decomposes  to  form  the  metal  phosphate.  Godfrey  (15)  identified  iron 
phosphates  on  sliding  surfaces  lubricated  with  tricraayl  phosphate.  No  evidence 
of  iron  phosphide  could  be  found  in  either  of  the  above  studies.  Klaus  and 
Bieber  (16)  using  radioactive  tricresyl  phosphate  identified  iron  phosphates  on 
bearing  surfaces  and  attributed  their  formation  to  polar  Impurities  in  tricresyl 
phosphate.  In  1968  Bieber,  Klaus  and  Tewksbury  (17)  uaing  tricresyl  phosphate 
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shoved  that  the  antlwaar  bahavlor  in  a formulated  lubricant  appeared  to  be  due 
to  the  acid  phosphate  and  not  the  trlcresyl  phosphate.  The  trlcresyl  phoephate 
acted  ae  reservoir  for  the  formation  of  acid  phoephate  during  the  life  of  the 
lubricant.  In  1970  Coldblatt  and  Appaldoorn  (18)  ahoved  evidence  contrary  to 
Blaber,  Klaus  and  Tewksbury  (17)  that  trlcrasyl  phoephate  and  other  phosphate 
and  phosphite  esters  set  as  antlwaar  agents  by  directly  reacting  with  natal 
surfaces.  No  prior  hydrolysis  to  the  acid  phosphate  appeared  to  be  required. 
This  vas  also  confirmed  In  1970  by  Sakuarl  and  Sato  (19).  Fro*  x-ray  analysis 
they  confirmed  the  presence  of  Iron  phosphates  end  a small  amount  of  Iron 
phosphide.  They  concluded  fro*  their  results  that  tha  Iron-Iron  phosphide 
eutectic  scarcely  contributed  to  the  lubrication  mechanism.  In  1974  Forbee 
end  Bettersby  (20)  reported  on  the  use  of  dialkyl  phosphites  ee  entlweer 
eddltlves.  They  found  thst  the  phosphites  were  better  entlweer  agents  then 
the  corresponding  phosphates  and  attributed  the  formation  of  both  organo  end 
lnorgeno  phosphites  to  hydrolysis  occurring  in  solution  end  at  the  surface. 

In  regard  to  sulfur  containing  entlweer  additives,  the  initial  theories 
assumed  that  the  film  formed  on  metal  surfaces  was  the  metallic  sulfide.  In- 
deed several  papers  (21-24)  have  indicated  that  with  ateel  or  iron  surfaces, 
the  Iron  sulfide  Is  formed  and  It  la  this  compound  that  is  providing  reduced 
wear.  Godfrey  (25)  In  1962  analysed,  by  six  methods,  the  films  formed  on  steel 
■urfecea  from  mineral  oil  saturated  with  elemental  sulfur.  The  major  component 
found  was  FejO*,  with  minor  constituents  of  FeS  end  FeO.  The  sulfldea  were 
believed  to  promote  the  oxldetion  of  iron,  but  the  combination  of  both  oxide 
acd  eulfide  in  the  films  were  necessary  for  high  load  capac'ty.  Still  others 
have  found  no  evidence  of  the  formation  of  iron  sulfide.  Buckley  (26)  in 
197c  using  Auger  Spectroscopy  found  that  sulfide  films  on  Iron  surfaces  are 
diap'aced  by  oxygen.  In  1976  Baldwin  (27)  using  x-ray  photoclectron  spectro- 
scopy identified  metallic  sulfide  compounds  on  surfaces  which  provided 
effective  boundary  lubrication. 

With  regard  to  chlorine  containing  additives,  again  the  obvious  post- 
ulations were  that  a metallic  chloride  was  formed  on  the  bearing  surfece. 
Analyses  of  Iron  containing  bearing  surfaces  have  shown  that  FeCl3  and  FeCl2 
are  present  as  well  aa  the  unexpected  oxychlorides  (28). 

Polyslloxane  Lubricating  Media 

As  previously  Indicated  the  types  and  magnitudes  of  studies  performed 
cn  conventional  lubricating  fluids  far  exceed  those  which  have  been  performed 
on  polyslloxane  fluids.  Tha  conaercial  availability  of  silicone  fluids 
occurred  only  about  30  years  ago.  This  and  the  lack  of  solubility  of  con- 
ventional types  of  antlwaar  additives  in  dimethyl  alloxan#  fluids  ara  the  basic 
reasons  for  the  limited  availability  of  technical  information  In  tha  area  of 
addltlva  Interactions. 

It  was  evident  from  the  early  work  of  Zltman  (29)  In  1946  and  Currie  (30) 

In  1950  that  tha  application  of  silicones  as  lubricants  would  be  limited  be- 
cause of  their  poor  lubricating  qualities  for  the  most  common  bearing  - metal 
combination;  namely,  staal-on-staal . Bacauaa  of  the  many  desirable  properties 
of  silicone  fluids,  efforts  ware  than  directed  toward  overcoming  this  drawback. 
Althoufh  these  efforts  were  hampered  by  the  poor  solubility  of  most  materials 
In  all  Icons#, Murray  and  Johnson  (31)  in  1952  found  that  Incorporating  30  percent 
of  a diaster  improved  the  lubricating  properties  but  such  a bland  offered  only 
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a compromise  of  tha  properties  of  the  two  fluid  types.  In  the  early  to 
■Id  1950's  Fletcher,  Hunter  (32)  end  Brown  (33)  improved  the  lubricating 
properties  of  silicones  by  an  alternate  routs.  They  incorporated  an  active 
antiwear  elenant  fro*  the  halogen  family  Into  the  polymer  chain.  The 
halophenyl  group  offered  Improved  lubricity  for  ferrous  metale  while  retaining 
the  Inherent  stability  of  the  slloxare  polymer.  Another  chemical  modification 
was  based  on  the  substitution  of  dimethyl  groups  with  trlf luoropropyl  methyl 
groups.  Schiefer  and  Van  Dyke  (34)  in  1963  reported  on  the  Improved  boundary 
lubricating  properties  of  these  fluoroalkyl  silicones  in  bsnch  and  pump  taats. 
Also,  Introduction  of  alkyl  groups  In  ths  silicons  polymer  wae  found  to  hava  a 
beneficial  effect  on  the  lubricating  propartlas,  however  the  improvement  obtained 
wee  et  the  expense  of  the  Inherent  stability  of  ths  elloxane  chain  (33).  In 
1968  the  approach  toward  providing  anhanced  lubricating  propartlas  for  alloxans 
fluids  reverted  to  chmnicsl  addition  agants.  Devins  and  Lamaon  (36)  wars  issued 
a patent  bated  on  the  improvement  obtained  using  polysulfldee  and  thladiaxoles 
in  elloxane  fluids.  In  1973  Groenhof  and  Svihart  (37)  were  Issued  e patent  on 
the  use  of  chlorendates  as  lubricity  additives  for  silicone  flulda.  In  1974 
Groenhof  and  Quasi  (38)  reported  on  the  fact  that  the  use  of  conventional  anti- 
wear additives  were  effective  in  phenylaethyl  elloxane  fluids  although  at  higher 
concentrations  than  normally  used.  In  1965  Vinogradov,  Nametkln  and  Hoaaov  (39) 
reported  on  the  fact  that  additives  which  were  highly  active  in  preventing 
steel  leisure  In  hydrocarbon  madia  ara  either  completely  Inactive  in  poly- 
slloxanes  (methyl phenyl  slloxanae)  or  are  much  lees  active  (ethyl  slloxanae) . 
Their  hypothesla  attributes  this  to  tha  abaenca  of  procaasea  involving  chain 
reactions  Initiated  by  free  radicals  in  polyeiloxancs . 

The  work  described  above  covering  elloxane  fluids  was  aimed  mostly  at  improving 
lubricating  performance  in  contrast  to  work  raported  with  conventional  fluids 
where  the  major  emphasis  has  been  on  determining  what  chemical  species  La 
formed  on  the  surface  and  by  what  mechanism  it  is  formed.  In  general,  all  of 
the  improvements  still  fell  short  of  the  beneficial  lubricating  properties 
exhibited  by  compounded  petroleum  or  hydrocarbon  lubricants. 


EXPERIMENTAL 

The  Shell  four-bell  wear  test  apparatus  was  employed  throughout  this 
lovestlget ion , The  apparatus  has  been  adequately  described  elsewhere  In  the 
literature  (40-41).  Briefly  described  this  test  utilises  three  balls  lucked 
lamovet.y  by  e conical  ring  thereby  forming  a three  point  contact  for  a fourth 
bell  held  rigidly  at  the  end  of  e drive  shaft.  The  fourth  ball  rotates,  under 
load,  against  tha  three  stationary  balls,  all  of  which  are  immersed  in  tha 
lubricant  under  test.  Ideally,  circular  wear  scars  are  produced  on  the  surface 
of  the  three  stationery  balls  and  the  degree  of  wear  is  expressed  es  tha  average 
diameter  of  theee  scars.  The  smaller  the  wear  scar,  the  batter  the  lubricating 
characteristics  of  the  fluid  under  test.  Test  conditions  which  remained  constant 
throughout  this  investigation  are  as  follows: 

a.  Metal  Spacimena:  AISI  52100  steel  balls 

b.  Test  Time:  1 hour 

c.  Speed:  1200  RFM 

Load  ranges  studied  Included  10,  20  and  40  kg.  All  of  the  curvea  presented 
show  data  generated  at  167  F.  Some  data  presented  in  tabular  from  waa  generated 
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at  350°F.  The  wear  tear  diameters  reported  are  In  mllllMtar  units  and  where 
critical  points  were  established  are  the  avarage  of  several  separate  determinations. 

All  of  the  polys  tlox  an*  fluids  and  chemical  additives  were  obtained  free 
coassarcial  sources.  The  dlchlorophenylaethyl  fluid  Is  no  longer  cohere  tally 
available.  All  aatarlala  were  used  as  received. 


RESULTS 

ANT I WEAR  ADDITIVES  FOR  TITRAC31L0R0  PHENYL  METHYL  SILOXANE  FLUID 

A literature  search  in  the  area  of  antiwear  additives  for  alloxans  fluids 
tn  general  indicated  the  netu  to  establish  fundamental  performance  character- 
istics in  regard  to  antlvear  properties.  Our  initial  efforts  In  this  phase  of 
the  investigation  led  to  the  dltcovery  of  a Cetrachlorophenylmethyl  alloxane 
lubricant  composition  (42)  which  possessed  antiwear  qualities  previously 
unattainable  with  silicone  fluids.  Table  I lists  the  four-ball  wear  teat 
results  obtained  for  various  siloxane/addltlve  formulations.  The  chemical 
structures  of  the  additives  employed  are  given  below: 

N - N 

I : , 

t - Ci2  H25  - s - S - C C - S - S • t - C12  H25 

2 , S-bls-t-dodecyl  dithio-1,3,4  thladlasole 

Cl  0 

Cl  -C-C-CH-C-O-n  C4H9 
||C1  -C-Cl 

Cl  -C-C-CH-C-O-n  C^H9 
Cl 

dlbutylchlorendate 


Each  additive  was  investigated  individually  and  in  combination  at  several 
concentration  levels.  Both  the  thladlasole  end  the  chlorandate  ere  observed 
to  Improve  the  antiwear  properties  of  the  base  silicone  fluid  at  relatively 
low  enneentrat lone  (formulation  Nos.  2 and  6,  respectively)  It  was  of  Interest 
to  determine  whether  a further  improvement  in  ent lwear  properties  could  be 
observed  with  e combination  of  additives  (synergistic  effect).  A remarkably 
low  wear  scar  diameter  wae  obtained  with  2.0  weight  percent  chlorandate  and 
0.25  weight  percent  thladlasole  In  the  eilicone  bate  fluid  (formulation  Ho. 

II).  The  antiwear  properties  of  this  formulation  are  comparable  with  those 
of  petroleum  fluids,  eynthatlc  hydrocarbon  end  phosphate  ester  fluids  undar 
the  same  test  conditions,  ae  shown  In  Table  II.  In  addition  the  antiwear 
properties  of  formulation  11  are  maintained  even  at  temperatures  »e  high  as 
350°F  (Table  III). 
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These  result#  art  specific  for  tha  tatrachlorophanylmvthyl  alloxan* 
fluid,  Other  alloxan#  fluid*  such  aa  dlaathyl  and  phenylmathyl  do  not  respond 
to  th#  chlorandata/thladlaeol*  addltlva  package  In  a Ilka  manner.  A dlchloro- 
phaaylaethyl  alloxaaa  exhibits  Improved  antlwaar  propart laa  (O.BO  aa  wear  near 
diwaatar)  but  at  a ooncantratlon  of  10  vatght  par cant  chlorandate  and  l weight 
n-.-ont  thladlaaol# 

O?C.\N0-PWDSmT*S  AS  AKTTVSAA  ADDITIVW  IN  POLYSILOXANB  FLUIDS 

Th#  action  of  organo-phoapbataa  aueh  aa  trlcraayl  phosphate  in  con van t tonal 
lubricating  media  la  wall  established . Thar a fora,  our  Initial  atudlaa  war* 
concerned  with  aatabllablng  baalc  performance  erltarla  of  tbla  typa  of  anti- 
veer  agant  In  polyalloxana  fluid*.  For  tbla  purpoaa  four  dlffarant  pboapbat* 
.ompounda  wara  aalactad,  l.a.  trioctyl  pboapbat#  (TOP) , tributyl  pboapbat* 

(TIP),  trl-ortho-tolyl  pboapbat*  (TOTP)  and  trlcraayl  pboapbat*  (TCP).  TOTP 
la  a specific  l»w*rlc  fora  of  TCP.  Coeaierclal  TCP  la  a mixture  of  tb*  ortho, 
Mta  and  para  •:  joaar*  of  trlcraayl  pboapbat*.  Alao,  thrta  dlffarant  claate* 
of  polyalloxane  flutda;  l.a.,  tba  dlaathyl,  tha  ohmyloathyl  and  tha  chloro- 
phaoylaathyl  fluid*  war#  uaod  aa  bate  stock*. 

Dlaathyl  Slloxane 

The  result#  obtained  on  the  four-ball  wear  analysis  of  the  various  phos- 
phates in  dlaathyl  alloxan#  fluid  ar*  graphically  presented  in  Figure*  l 
through  11.  Tha  baalc  data  geaeratad  can  hft  found  In  figure*  3,  4 and  9. 

Figures  5 through  b ahow  the  affect  of  load  on  wear  and  Figures  10  aod  ll 
ahow  tha  effect  of  viscosity  on  wear  for  tha  various  pboapbat*  compounds. 

1.  SO  ca  Fluid  at  20  Kji  Load  (Flgura  3) 

Proa  tha  outaat  tha  addition  of  organo-phosphatoa  exhibits  a delator lous 
effect  on  th*  boundary  lubricating  propart laa  of  tha  base  fluid.  This  t*  in 
contrast  to  the  antlwaar  characteristlca  produced  with  thaea  addltlva#  In  hydro- 
carbon fluids.  In  this  context  tha  organo- phosphates  can  be  considered  to  act 
as  "pro-waar"  additive*  aa  opposed  to  antlwaar  additives,  tn  each  lnatanca  a 
concentration  la  reached  where  a maximum  wear  scar  la  produced.  On  continued 
ncreaae  of  additive  concentration  the  wear  scar  decrees*#  toward  tha  inherent 
boundary  lubricating  properties  of  tha  particular  organo-phosphata.  Table  IV 
quantifies  major  character 1st ic  wear  scar  data  points  baaed  on  aolal  (moles  of 
addltlva,  per  1000  grama  of  alloxans)  quantities  of  phosphate  additive.  Three 
data  potata  ware  aelactsd  to  characterise  each  phosphate  compound  with  respect 
to  aolal  concentration  which  will  result  in: 


i 

\i 


a.  the  maximum  vaar  scar, 

b.  the  vaar  acar  equal  to  that  of  tha  100  percent  alloxans,  aod 

c.  the  vaar  acar  equal  to  that  produced  with  100  percent  addltlva. 

The  order  of  Increasing  aolal  concentration  of  addltlva  exhibiting 

a.  a maxlaua  vaar  acar  la  TCP  - TOP  ^ TOTP  x TIP, 

b.  wear  acar  aqual  to  that  for  1001  alloxans  la  T0P«T0TP"TCP  <TBP,  and 

c.  wear  acar  aqual  to  that  for  1001  addltlva  la  TOTP  TCP-<  TOP-  TBP. 
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Tht  most  striking  dlffarence  occurs  at  the  point  sh»r«  the  concentrat  lor.  of 
additive  la  such  that  the  quantity  of  silicone  present  has  no  effect  on  the 
inherent  antlwaar  properties  of  the  particular  additive.  For  TCP  and  TOTP 
this  occurs  at  a relatively  low  concentration  (2.7  and  1.8  aolal,  respectively) 
while  with  the  TOP  and  TBP  it  occurs  at  a much  greater  concentration  (6.9  and 
> 11 . 3 aolal respectively). 

2.  50  cf  Fluid  at  40  K&  Load  (Figure  A) 

At  thla  higher  load  only  the  TOTP  and  to  a leaser  extent  TCP  effect 
an  lncreaee  In  wear  scar  at  the  Initial  lower  concentrations.  TOP  and  TBP 
exhibit  a alight  antiwear  affect  which  eventually  ie  destroyed  on  lncreaaed 
addition  of  additive  to  the  point  where  a ssrleun  wear  scar  is  again  produced. 
After  each  maximum  veer  scar  the  wear  scar  decreaaaa  toward  that  produced  with 
pure  additive.  Teble  V Quantifies  tne  character  tat ic  points  on  the  curves. 

The  order  of  increasing  motel  concentration  of  additive  exhibiting: 

a.  a maximum  wear  scar  it  TCP"TOTP  TOP  *>  TBP, 

b.  wear  scar  equal  to  100%  siloxane  is  TCP  ^ TOTP  <"  TOP  - TBP,  and 

c.  wear  scar  equal  to  100%  additive  is  TCP-T0TP  <-  TOP  <"  TBP. 

Again  the  roost  striking  difference  occurs  at  the  point  where  the  quantity  of 
silicone  present  has  no  affecc  on  the  inherent  antiwear  properties  of  the 
particular  additive.  TCP  and  TOTP  exhibit  this  property  at  2.7  roolal  con- 
centration while  TOP  is  ' 6.9  roolal  and  TBP  11.3  molal. 

3.  IQca  Fluid  at  20  Kg  Load  (Figure  9) 

The  activity  of  TBP  and  TCP  in  10  cs  dimethyl  siloxane  at  20  Kg  load 
is  shown  in  Figure  9.  The  wear  scar  produced  with  TBP  remains  relatively 
constant  to  about  50  weight  percent  TBP  after  which  it  gradually  decreases 
towerde  thet  of  the  pure  phosphate  compound.  TCP  exhibits  a marked  increase 

in  wear  scar  diameter  up  to  5 weight  percent,  remains  relatively  constant  to 

60  weight  percent  then  rapidly  decreases  toward  that  of  the  purs  material  at 
a 75  weight  percent  concentration. 

Pigure  10  compares  tne  four  ball  wear  results  obtained  with  TBP  in 
both  50ca  and  lOce  fluid.  Essentially  the  curves  are  similar  indicating  no 
affect  of  viscosity  on  the  wear  scar  diameters  in  the  50ca  to  lOcs  range. 

On  the  contrary  TCP  (Figure  11)  ahows  a marked  difference  in  activity  between 
the  tCca  and  50ca  dimethyl  siloxane  flulde. 

4.  IQca  Fluid  at  90  Kg  Load 

Oats  points  at  this  load  level  could  not  be  obtained  with  the  lOcs 
base  fluid.  Excessive  wear  resulting  in  severe  mechanical  vibration  of  the 
teat  apparatus  prohibited  a meaningful  evaluation. 

Phcnylmathyl  Siloxane 

l.  At  20  Kg  Load  (Figure  12) 

The  Inherent  lubricity  of  this  fluid  is  so  poor  that  wear  scar 
diameters  above  B.Oasn  are  produced  with  no  additive  present.  The  addition  of 
TBP,  TOTP  or  TCP  decreases  the  wear  scar,  TBP  more  rapidly  than  TOTP  or  TCP, 
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2.  At  iO  Ht  logj  (Figure  13) 

At  thla  lover  load  TIP  reduce*  the  mr  tear  diameter  at  a much 
lower  concentration.  Tha  same  la  trua  for  TCP  but  th«  effect  la  not  aa 
pronounced  aa  with  TIP, 

CMorophapylmgthyl  SUogana 

1 . Diehl orophsnylmathyl  Siloxana  at  20  ia  Load  (Figure  16) 

Tha  addition  of  T1F  or  TCP  to  thla  baaa  fluid  recited  la  an  lncraaaad 
u«ar  tear  diameter  throughout  moat  of  tha  concentration  range  with  no  eharp 
decreaae  In  wear  tear  diameter  at  a epeclflc  concentration.  The  auiwa  wear 
•car  dlaaMter  covered  a broad  range  of  coneantrattoea  for  TIP  (20  weight  percent 
to  SO  weight  percent)  while  it  vaa  core  epeclflc  for  TCP  (20  weight  percent). 

2.  Dlchlor&phanylwethyl  Slloxane  at  40  Ki  Load  (Figure  17) 

With  TIP  or  TC7TP  at  low  coaceutratloaa  (leaa  than  20  weight  percent) 
the  wear  acar  increaaaa  rapidly  to  a maximum  and  than  aharply  decraaaaa  in 
tha  20  to  40  weight  percent  range  toward  that  obtained  with  the  phoephata 
material  alone. 

3.  Tetrachiorophanylnethyl  siloxana  at  20  Km  Load  (Figure  18) 

Tha  addition  of  TBP  or  TOTP  increased  the  wear  acer  dlamater  at  the 
low  concentration  range  (leea  than  10  weight  percent)  with  no  eharp  decreaae 
from  the  maximum  wear  ecar  diaaeter  with  lncreeelng  concentration  of  phosphata 
additive. 


4.  Tstrachlorophenylmathyl  Slloxaae  at  40  gg  Load  (Figure  19) 

In  thie  baee  fluid  the  action  of  TOTP  wee  rather  unueual  in  that 
at  concentration  rangaa  of  froe  S to  30  parcant  an  irraproduclbla  wear  ecer 
wet  observed.  Thue  In  Figure  19  thie  portion  of  the  graph  it  represented  by 
a band  depleting  the  range  of  wear  acar  diameters  produced  at  a given  con- 
centration. Aa  can  ba  seen  tha  mount  of  scatter  is  ouch  greater  than  the 
repeatability  generally  observed  for  thie  wear  teat.  Vlth  TB?  a eharp 
decrees*  In  wear  acar  disaster  resulted  followed  by  e gradual  increase  up 
to  e concentration  of  40  parcant  to  a wear  scar  disaster  which  was  main- 
tained until  a concentration  of  80  percent  additive  wee  reached  followed  by 
1 decreasing  wear  acer  diameters. 


DISCUSS10* 

A comparison  of  the  inherent  boundary  lubricating  properties  of  the 
various  polyalloxsnas  under  consideration  la  shown  in  Table  VI.  The  ability 
of  each  clasa  to  wodlfy  friction  surfaces  (atual-on-ataal)  la  shown  to  vary 
considerably.  All  are  poor  or  at  beat  aacond-rata  lubricating  madia  com- 
pared to  hydrocarbon  lubricants.  Vinogradov  at  al  (39)  have  attributed 
thee*  difference*  to  th*  thermo -oxidative  stability  of  tha  alloxans,  with 
the  lubricity  lessening  In  the  direction  of  the  sore  thermally  stable  polymer*. 
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Th«  tn»<mj«ci*i  of  allosame  fluid*  for  lubricating  ferruua  aetela  la  considered 
Co  bo  duo  Co  tha  foot  cK*c  tbs  eat u re  of  the  film  formed  on  tha  bearing  surface 
it  auch  chat  1C  la  not  sufficiently  condensed  to  provide  load-carrying  ability. 
In  addition,  cho  laar  bulk  modulus  (high  compress tbi 1 ity)  adversely  affocta 
tha  hydrodynamic  c— p aoaot  of  lubricity. 

TV-a  Initial  phaen  of  thla  Investigation  haa  centered  on  tha  affact  of 
or gano- phosphates  on  tha  antlwoar  properties  of  polyalloxana  media.  In 
general  with  dimethyl  allox ana  tha  initial  trend  on  tha  addition  of  phosphate 
additive  la  to  laaroaac  wear  acar  aise.  If  tha  phoaphata  additive  doaa  not 
got  to  tha  wet a l our face  or  la  displaced  by  tha  alloxans  aa  soma  author a (38) 
have  proposed,  tha  wear  acar  diameter  produced  ahould  be  tha  ?ama  oa  tha 
alloxane  with  no  additive  present,  Aa  can  be  seen  froa  Figure*  1 and  4,  thla 
la  claarly  not  tha  case.  At  low  concantrat Iona  the  phoaphata  additive  la 
Indeed  altering  tha  wear  aurface  although  In  an  antagonistic  manner.  With 
TOF  and  TIP  at  40  Kg  load  there  la  a alight  decrease  in  wear  acar  diMStar 
at  tha  outaet  but  on  Increased  additive  concentration  tha  waar  acar  rapidly 
become*  graatar.  What  la  avidancad  on  each  curve  la  tha  fact  that  a 
synergistic  affact  In  revaraa  la  obtained.  That  la,  concent  rat  Iona  are 
reached  where  tha  wear  acar  produced  la  graater  than  the  waar  acar  diameters 
exhibited  by  either  component  Individually.  Tha  combined  reactivity  of  the 
alloxane  auid  the  phosphate  with  tha  ferrous  surface  under  high  loads  and 
elevated  "hot  spot"  temperatures  produces  a film  which  results  In  a waar  rate 
higher  than  that  exhibited  by  tha  Individual  component!.  Siloxanaa  are  known 
to  decompose,  one  the  product*  being  S102  (Silica)  which  could  react  with  iron 
oxide  on  tha  ferrous  surface  to  form  Iron  silicate.  Thla,  In  conjunction 
with  tha  Iron  phosphate  or  organo-lron  phosphate  film  that  is  formed,  may 
lead  to  the  observed  antagonistic  behavior. 

After  a maximum  wear  scar  is  reached  the  waar  scar  of  fluids  with 
higher  phoaphata  concentration  diminishes  toward  that  obtained  with  tha 
particular  phosphate  alone.  Thla  occurs  much  more  rapidly  with  the  aryl 
phosphates  than  with  the  alkyl  phoaphata*.  The  cauae  for  thla  effect 
la  not  understood  at  this  time. 

Tha  Inherent  boundary  lubricating  propartlaa  of  the  phenylmathvl  alloxane 
la  tha  poorest  of  the  alloxane*  atudiad.  The  severe  wear  condition  that 
exists  la  not  further  aggravated  on  tha  addition  of  organo- phosphate.  The 
aame  kind  of  aurface  reactions  occurring  in  the  dimethyl  alloxans  may  also 
be  found  with  the  phenylmethyl  alloxane  but  their  characteristics  arc 

hy  the  unuaually  high  wear  rat#  lnharant  with  thla  bass  fluid.  The 
alkyl  phosphate  (TBP)  doaa  provide  friction  surface  modification  at  much  lower 
concentration!  that  with  the  aryl  phoaphata*  (TCP,  TOTP)  aa  ahown  In  Table 
VII.  Since  tha  phenylmethyl  alloxane  la  more  thermally  atabla,  the  formation 
of  S102  on  the  surface  aa  previously  proposed  for  the  dlswthyl  alloxane  will 
be  more  difficult  thua  allowing  more  complete  formation  of  the  phoaphate  film 
from  TBP.  It  appears  that  the  formation  of  auch  a film  with  TCP  or  TOTP  la 
more  difficult  than  with  TBP  In phenylmethyl  alloxane  fluids.  However,  with 
alkyl  and  aryl  phosphates  tha  antiwear  properties  for  thass  formulations 
ara  extremely  poor. 

The  addition  of  chlorine  atoms  to  the  phenyl  groups  In  phanylaethyl 
si loxanes  Is  shown  to  have  a pronounced  beneficial  affect  or  the  boundary 
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/ 

/ 

lubricating  properties  of resulteet  chloropbamylasthyl  el lemmas.  This 
af  f act  Is  considered  to  be  tee  to  tho  formation  of  no  iron  chlorite  film  on 
tha  friction  surface.  /Tm  types  of  chlorophenylmsthyl  alloxans,  one  containing 
te  average  of  two  ebl>rlae  uqm  per  phenyl  group,  tha  othar  containing  SC 
average  of  four  chlorine  stone  vara  studied.  Again  it  vaa  ahovn  that  tha 
orgaao-phospbete  Edition  agent  la  reaching  tha  aurfaca  at  'aw  concantratlona 
aa  evidenced  by  tha  dramatic  chases  In  mr  tear  diameter.  In  most  caaaaan 
aatagonlatle  a f fact  la  obaarvad.  Tha  exception  occurred  with  Tl?  and  TOT? 
in  tetrechlorojftionylnethyl  alloxan#  at  40  Kg  load.  A significant  dacraaaa 
In  vaar  tear  dlaaatar  occurred  In  tba  4 to  4 weight  percent  rasLge  using  Ti? 
which  vaa  net  found  In  tha  dlchloro  fluid.  Tha  addition  of  TOT?  alao  1 ova rad 
tha  vaar  tear  diameter  but  not  to  tha  aw*  extent  aa  TB?.  In  addition  at 
given  concantratlona  of  TOT?  in  tha  5 to  30  vaight  percent  rang#  rapaatabla 
vaar  aepr  diameters  could  not  ba  produced.  Tha  raaaon  for  thla  affect  la 

currently  under  study. 

/ 

In  order  to  further  study  tha  Improved  anti veer  properties  obaarvad 
vl£h  TBP, other  alkyl  phoaphataa  vara  lnvaatlgatad  In  both  tha  dlchloro  and 
tbtrachloro  baaa  fluida.  Table  VIII  ahovi  that  vlth  TO?  and  TK?  (trlathyl 
/phosphate)  alalllar  raaulta  to  TB?  era  obtained  in  both  baaa  fluida  thua 
✓ landing  support  to  tha  fact  that  tha  raaulta  obtained  are  Indeed  representative 
' of  the  difference  betveen  alkyl  and  aryl  phosphates.  These  apparent  differences 
have  not  been  readily  explained.  An  obvious  difference  Is  the  chlorine  content 
of  tha  base  fluids  vhlch  nay  play  an  Important  role  In  tha  machamlam  of 
additive  action.  Further  analysis  Is  required  to  account  for  tha  observmd 
effects. 

To  date  our  analysis  has  daaxmstratsd  that  polyalloxane  lubricant 
compositions  vlth  vastly  latprovsd  boundary  lubricating  properties  are 
attainable.  The  specific  mechanisms  accountable  for  boundary  lubricating 
action  In  polyalloxane  madia  remain  unknown.  As  noted  In  this  discussion, 
hypotheses  have  bean  presented  consistent  with  the  experimental  data  to 
account  for  the  observed  affects.  What  la  nov  required  is  a detailed 
analysis  of  tha  surface  chemistry  and  raactlvlty  of  the  friction  suifscs 
as  outlined  in  tha  "future  work"  statement  in  the  summary  section  of  this 
report,  so  that  evidence  may  be  obtained  to  support  or  dismiss  current 
theoreticel  concepts.  Toward  this  and  the  program  is  continuing. 
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Flgura  I.  A Schematic  Representation  of  Typical  Friction  Surfaces 
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Figure  2,  Chemical  Structure  of  Some  Poiysiloxane  polymers 
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Figure  2.  Chemical  Structure  of  Some  Polysiloxane  Polymers  (Continued) 
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four-Bal  I Waar  Test  Ketultt  on  Dimathyl  SMoxene  Fluids 
(50  cs)  with  Various  Phosphate  Add!  1 1 vat  at  20  Kg  load 
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Figure  5.  Four-Bell  Weer  Test  Results  on  Dimethyl  Siloxene  Fluid 
(50  cs)  with  TOP  et  20  end  kO  Kg  Load 
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Figure  6.  Four-Bell  Ueer  Test  Results  on  Dlswthyl  Si loxenc  Fluid 
(50  cs)  with  TBR  at  20  end  ^0  Kg  loed 
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Figure  8.  Four-Ball  Wear  Test  Results  on  Dimethyl  Siloxane  Fluid 
(SO  cs)  with  TCP  at  20  and  k0  Kg  Load 
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Figure  9.  Four-lei  1 Wear  Test  Results  on  Dimethyl  Siloxene  Fluid 
(10  cs)  with  TBF  end  TCP  et  20  Kg  Loed 
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Figure  11.  Four-iall  Wear  Test  Reiultt  on  Diaothyl  SIIomm  Fluids 
(10  arvj  SO  cs)  with  TCP  at  20  Kg  Load 
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Figure  12.  Four-Ball  Wear  Test  Results  on  PhanylMthyl  Siloxana 
Fluid  with  TBP,  TOTP  and  TCP  at  20  Kg  Load 
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Figure  15.  Four-Ball  Wear  Test  Results  on  Phenylmethyl  Sitoxene 
Fluid  with  TCP  at  10  end  20  Kg  Load 
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Figure  16.  Four-Ball  Wear  Test  Results  on  01  chlorophenylwethy I 
Siloxane  Fluid  with  T8P  end  TCF  at  20  Rq  Inad 
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Figure  17-  Four-Bell  Wear  Test  Results  on  Dlchloropheny imethyl 
Siloxane  Fluid  with  TBP  and  TOTP  at  i»0  Kg  Load 


37 


V/i  % Ad d it/ve. 

Figure  18.  Four-Ball  Wear  Test  Results  on  Tat rachloropheny iMthy  1 
Slloxane  Fluid  with  TIB  and  TOTOR  at  20  K9  Load 
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Figure  20.  Four-8al!  Wear  Test  Results  on  Dlchlorophenylmethy I and 

Te t rach loropheny I me  thy  1 Slloxane  Fluid*  with  TBP  at  20  Kg 
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Figure  21.  Four-Bell  Wear  Test  Results  on  DI chloropheny Imethyl  and 

Tet  rachloropheny  Imethy  1 SMoxana  Fluid*  with  TBP  at  1*0  Kq 
Load  " 
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Figure  22.  Four-Ball  Wear  Test  Results  on  Tetrach 1 oropheny 1 methy 1 
Slloxane  Fluid  with  TBP  at  20  and  40  Kg  Load 
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Figure  2).  Four-Ball  Wear  Test  Results  on  Tetrachlorophenylaethyl 
Slloxin*  Fluid  with  TOTP  at  20  and  <0  Kg  Load 
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TABLE  I.  FOUR-BALL  WEAR  TEST  RESULTS  ON  TETfcACHLOROPHENVLHETHYL 
SILOXANE  FORMULATIONS  AT  I67°F,  40  Kg  LOAD 


Formu 1 at  ion 
No. 

Chlorendate 
(wt.  %) 

Th 1 ad i arole 
<wt.  %) 

Wear  Scar 
Diameter 

(fWTt) 

1 

0 

0 

1.30 

2 

0 

0.25 

0.82 

3 

0 

0.50 

0.83 

4 

0 

J .0 

0.97 

5 

1.0 

0 

0.93 

6 

2.0 

0 

0.77 

7 

3-0 

0 

0. 8o 

8 

4.0 

0 

0.79 

5 

5.0 

0 

0.95 

10 

1 .0 

0.25 

0.72 

1 1 

2.0 

0.25 

0.62 

12 

3.0 

0.25 

0.69 

13 

5-0 

0.25 

07*» 

14 

2.0 

0.40 

0.74 

15 

5.0 

0.50 

0.80 

16 

5.0 

1 .00 

0.81 

17 

2.0 

0.10 

0.67 
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TABLE  II.  FOUR-BALL  WEAR  TEST  RESULTS  ON  COMPARISON  FLUIDS  AT  l67°F,  AO  Kg 
LOAO 


Oes I gnat  Ion 


Formu I at i on  1! 
rtlL-H-5606 
MlL-H-83282 
M I L-H- I 9A57 


Base  Fluid 

SI  I leone 
Pet  roleum 

Synthetic  Hydrocarbon 
Phosphate  Ester 


Wear  Scar 
0 lame  ter  (mm) 


0.62 
0.65 
0.55 
0. 5A 


3 


i 


i 


i 


AS 


tuK-nm-30 


TABLE  III.  FOUR-BALL  WEAR  TEST  RESULTS  OH  TETRACHLORCPHENYLMETHYL  SILOXANE 
FORMULATIONS  AT  TWO  TEMPERATURES  (1*0  Kg  LOAD) 


Formulation  No. 

Wear  Scar 
167°F 

Diameter  (mm) 
350°F 

1 

1.30 

3 

0.83 

0.95 

6 

0.77 

1.39 

1 1 

0.62 

0.68 

* Indicates  that  the  test  could  not  be  completed 
because  of  excessive  wear. 
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TABLE  IV.  COMPAR I SON  OF  ANT  1 WEAR  PROPERTIES  OF  VARIOUS  PHOSPHATE  ADDITIVES 
IN  DIHETHYL  SILOXANE  (50  cs)  AT  20  Kg  LOAD 


Holes  of  Additive,  per  1000  g Slloxane 


Phosphate 

At  Maximum 
Wear  Scar 

To  Reduce 
Wear  Scar  to 

Same  as  100% 
S 1 loxane 

To  Reduce 
Wear  Scar  to 
Same  as  100% 
Add  1 1 i ve 

TOP 

0.58  (1.08) 

0.99  (0.77) 

6.9  (0.31) 

T8P 

2. 0-3. 8 (1 . 10) 

8.8  (0.77) 

11.3  (0.43) 

T0T0P 

0.91  (0.87) 

1.2  (0.77) 

1 .8  (0.48) 

TCP 

0.30  (0.96) 

1.2  (0.77) 

2.7  (0.47) 

Note:  Numbers  in  parenthesis  refer  to  the 

wear  scar  diameter  in  millimeters  at 
the  given  concentration. 
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TABLE  V. 

COMPARISON  OF  ANTI  WEAR  PROPERTIES  OF  VARIOUS 
IN  DIMETHYL  SILOXANE  (50  cs)  AT  AO  Kg  LOAD 

PHOSPHATE  ADDITIVES 

Moles 

of  Additive, per  1000  g 

SI loxane 

Phosphate 

At  Maximum 
Wear  Scar 

To  Reduce  Wear 
Scar  to  Same 
as  1001  SlletuMM 

To  Reduce  Wear 
Scar  to  Same 

•»  jopj  Mttilia 

TOP 

1.5 

1.8  (1.90) 

6.9  (0.5O 

TBP 

2.5  (2.37) 

3.0  (1.90) 

>11.3  (0.69) 

TOTP 

0.68  (2.59) 

1.3  (1-90) 

2.7  (0.58) 

TCP 

0.68  (2.09) 

0.81  (1.90) 

2.7  (0.58) 

Note:  Numbers  In  parenthesis  refer  to 

wear  scar  diameter  in  millimeters 
at  the  given  concentration. 
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! TABLE  VI,  FOUR-BALL  WEAR  TEST  RESULTS  ON  POLYS  I LOXANE  BASE  FLUIDS  AT  167°F 

1 ' 


Po lys i 1 oxane 

Vi scos i ty 
at  77°F 
(cs ) 

Wear 
10  Kg 

Scar 

20Kg 

mm) 

L0  K< 

D i me  t hy  1 

100 

0.A5 

0.65 

1.75 

D i me  t h y 1 

50 

0.  A5 

0.77 

1 . 90 

Dimethyl 

10 

0.68 

1 .02 

Pheny Imethy ) 

75 

2.58 

3.12 

Oichlorophenylmethyl 

75 

- 

0.51 

1.35 

Tet  rach loropheny Imethy 1 

75 

- 

0.  AA 

1 . Al 

Indicates  test  could  not  be  1 
completed  because  of  excessive  j 
wear.  < 
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TABLE  VII. 

COMPARISON  OF  ANTIWEAR  PROPERTIES  OF  VARIOUS  PHOSPHATE  ADDITIVES 
IN  PHENYLHETHYL  S 1 LOXANE  FLUID 

Phospha  te 

Load 

Kg 

Holes  to  Additive  per  1000  g Siloxane  at 
sharp  "break  point"  in  wear  curve 

TBP 

10 

0.20  (2.52) 

20 

No  sharp  break  point. 

TCP 

10 

1.16  (2.31) 

20 

1.81  (2.81) 

Note:  Numbers  in  parenthesis  refer 

to  the  wear  scar  diameter  at 
the  given  concentration  in 
mil! imeters . 
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TABLE  VIII.  COMPARISON  OF  ANTIWEAR  PROPERTIES  OF  VARIOUS  PHOSPHATE  ADDITIVES 
IN  CHLOROPHENYLMETHYL  SILOXANE  FLUIDS  AT  40  Kg  LOAD 


Wear  Scar 

DiatTiCter  (rrm) 

Phosphate 

wt . % 

dichloro 

tet  rach loro 

None 

- 

1.35 

1.41 

TBP 

5 

1 .46 

0.86 

TOP 

5 

1 .67 

0.77 

TEP* 

10 

1 .62 

0.81 

’•Triethyl  phosphate 


